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The objective of this study was to develop Fourier transformed mid-infrared fMidlR) and neon
Infrared (NIH) calibrations for acid detergent fiber (ADF), neutrai detergent fiber (NDF), and total
nitrogen in triticale, peas, and triticale/pea mixtures. Heterogeneous calibration—validation combina
tions were also tested for calibration quality. The forage samples were collected from forage plots
grown foliowing miiiet or wheat. Other factors included population densiv. forage mixtures, and
nitrogen fertilizer rate. Total N always achieved a better validation, than ADF and NDF. regardless
of the sample set or spectral range. The ADF and NDF could not be predicted well with
heterogeneous calibration/validation sets, with the exception of ADF predicted by the pea/triticale
mixture in the MidIR, Using whole sample sets resulted in better predictive calibrations for the fiber
analytes for both the MidIR and the NIH. This study shows that MidiR compares well with NIH for
the development of ADF and total N calibrations in forages. The NIH and MidiR are both useful as
quick methods for measuring total N, and they show promise for measuring ADF and total N in
forage samples, but performance with NDF was less satisfactory.

KEYWORDS: Diffuse reflectance; ADF; NOF; nitrogen; Fourier transformed; infrared; mid-infrared;
near-infrared: NIR; FTIR

INTRODUCTION

The successful adoption of a forage for animal husbandry
requires knowledve of the nutriliona.l qua.iitv of lbs.. forage lot’

ii — rn i “ it 1’

analvsse and n1onito’tn5 or1aroper fled raitonino development,
ho rages a ill cars greatly ii eiierntca eompo’ntion and nutritional
value. (I I Forage quality is mainly determ.i ned by its dry ma.tter,
fiber, crude protein., and energy content (2). Forage testing
I bol Its ra an il tot ‘rovor sed z geOt r IT he

ise \fl .‘,.r’-,, ‘sea-
.. i’or esarnote. dde

ontent ,• [a [usage, Is used to ca/c cia i.e the ilable. ce,cde protein,
which indicates U anac uni of anono acids available for energy
and growth.

Both the A.DF and t.he N.D-F determinations rid the sampt.e of
pre’nS sot ubi,e serbot;’. drates, a. nd liidds. I ‘IF 0 the cell
‘anti niatr:iai usolunk’ ,n an ,;cn.t detereen; aetnIton and a
composed mainly olceilulose ans.i liunin. The A be bin an inverse
relationship with. th.e toLd dig,e.stible .nutrien.ts, n.et energy fOr
lactati.on, net e.nergy for , tintenrsnce, and net eneruy for a/co.
Ilk N OF sell 0 th ra lie aiiilia iiw los in lisesi I rise’

rrtiin of the feed, corn posed 0’ ihe .-‘\ 13 F i’raei inn rIm the
lieniieeliuk’ae’ltkc constituents., l’h N DL 1< nsd n’ e’-tiinate the

potential dry matter inrake or the amount of forage thai can be
con.sumed by an animal before the rumen is ful.i. For example,
dairy cows can consume up to l A% of their body’ weight itt NDF
per dna iTt. The elat,ve feed-- -iine is an ad-ditioreil baa quality
index nIic ulated from the AOL and NDF that indicates how sell
he metertal sill he consumed and dittested.

The value of nearhnfra.re.d diffuse reflectance spectroseopy
(NW) for predicting the. nutritive value of forage species was first
reported by.- Norris et al. (4). Since then, NtR has bee.onae a

On; en ni d,ntr.; red ace; roae,’nv ta-f It I F) t;ns yet to he cOil’

monly- adopted (Or the an.aiysis of a.gricultural produ.e-ts hecauss.
of the notion that inat.eric Is need to he diluted with KBr to avoid

I rAT ai ir pejr I its us l I it anal are

and ,snnl\te eOnceiin.’ailnn r’losacve.r, radiation
n eew’, ,,,,,ji

cause nonlinear responses. These specular t’eflections are rarely
observed in the NfR. .Few re..se.arch studies of nondilr,ted grain
samples have, c spared ,NIR and MidiR directly. hut Mid I F can

Iii r 1 ii ‘set than \IR i ‘— ii R. ntis iN, I
acid corn posit ,s”ti was riredicied caine’ \-l diR and N I F. si hUh is
,inother important nutrtional aspect of forages / I,). ANt addi
tional ad’rantaee of MidlR over Nt.R. hi that wi..ile N1R spectra
mac seem llcatnre.less and hard t;.r interpret, the MidiR i•s rich itt

as
— -.
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information isith speritir bands :har air tnhuthilddihrrn.
chemical compounds or fu.nctionai groups.

[hr ronscutional approech or NIR i aiy’is is to develop
a hroad; snplicabie equstion thai can he used to predict other
sintila rsample. bus niinimtzing the t me seem on furt tier
calibration deselopment Rccenti F oster t a1. Ii and
Calderón et al. (ii demonstrated that both the NIR and he
Mdl R can be used to iuantifv tatt\ acids n a heterocenenus set
H forage samples. ncitidng triticaic, Both studcs showed that
one set cit calibrations developed with dtidrcnt thragc spectes as
able to predict fiuity acids of individual forages Snymari and
Jonhert 114 sueeesfullr caithrated to!: cr1tc!n, ADF, and NDP

in tics e- oat —ibscuc mix tines using N JR data I lowes er,
rio studies to date have tried to relate Mid! R :t..trt to fiser
composition in triricale, and the pcrtfirmanec ot Midi R ss
NIR remains unknown. It is a commonly held opinion that
reliable infra red spectruscopic calibrations are based in a homo
geneous and representative set of calibration Tamples. However,
work with soils (U ant.! forages (14. /1) has shown that It
s possible to build robust calibrations wtth heterogeneous

sample sets as long as they adcquatcly bracket the variability in
the target samples. It Pillows then that it would he most
convenient f a single calibration could he deseloped for mixed
crops such as the aforementioned legume -tritisalc systems, as
opposed to having to develop separate calibrations for the legume
and triticale,

The objectives of this study were to (I) test if a calibration
developed using triticale samples could he used to uantitajively
predict the AOL NOR and total N conlents of pea samples and
vice versa and (21 compare MidiR with the more commonly used
NIR in terms uI calibration perfarmatce for AOL NDF, and
total N

MATERIALS AND METHODS
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Figure 1. Average mid-intrarm spectrum flop) md near-rfrared soectrum
(button) of I”’ foraJus: n - 3R3
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RESULTS AND DISCUSSION

Principal Components Analysis (PCA) of the Spectral Properties
of the Whole Sample Set. The PCA of both the NIR and MdIR
shows that the nea and tnucah sample set lorms a

amples tend to grssupckt.ser to each other tha.n to the tn ticale and
the ir.ixed samples on both the MidIR and. the NIR, but the do
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Table 1. Average NDF. ADF, and Total Percent N of the Forace Samples in

the Adrian tJ and 0 N Treatmefl!s

added N NUN NON trt.al N

0 kq ha 445.6 (7..5i 307.9 tNT 17.3 NT)

760 1 itt

resiaw. t.5p5 NOr coo lets; ta

mAst 442,4(7,2) 308.4(5.8) 17.910.5)

wheat 44.5.1 (7.91 303.4 f5.71 20.3(0.6)

LS[2 162 l°,f

Table 3. Average NOF, ADF, and Total Percent N of Inc Forage Samples

According to Forage Type

rorage gpe NUN NUN total N

3l7.OaiS.l) t9.Oa;0.8t
2563 b (72) 23.7c (07)

329.4a(7.3) 16.1 biO,7)

321.2afSOt t7 7ab 108;

AU data are tn g kg’°. The samples were averaged across fertilizer treatment

and residue type. it = 95 for the pea and triticate mixture, and it = 96 for the rest of the

forage treatments. The standard error of the mean is in parentheses. Means not

sharing a letter within a column are significantly differert according to a Students

teat (0< 0.05).

21% increase in total .N rela.tive to the plots receiving no fertitizer

(Table 1). The additir of fUrtilizer did not affect the ADF or

Nl.)F COrttrnt of the iorancr. The recedin ru’s rrssdue also

had a sitsmlicant effect err the rota i N son rent hut no alice; on ; he

ADF or the NDF (Table 2). The %ragcs planted on the wheat

residue had 13% higher total N content than those planted on the

Fable 2; 54’s !.ssuohesszs rhut. the boar total N

mu ma thu wheot stubh c tee ne n uLt an hhtu dat; Ot ant S

it is possible that there naieht have been greater N tie.d sin

.1 ‘. ... 1

a r a

shows that peas had swnittcanttv hrss NDF and ADE and up to

47% more tctal N than the tritie.ale and the triticale’—pea mixture

tiable 6 t be N t Is I mu s ttit< m< i tn itt

N content of (lie treicale. with Pta ;nt;cate crown cuber hiNt

population Pacing, less tota Usa ,IS N ihim the ;rithwhs

under low population (Table 3) nossibly because. the reduced

number of plants per unit are.a allowed for a hiotser fertilizer N taer

lent lime pea ,mtrd lrrtieale mixture had a apanitiu.mimlls’ sigher

total N conteni ltars that, el the rrmticale hich poptihtomi and a

higher, albeit nonsignificant difference, to the rririeaic low popee

tatton.

Oos’rtmll. our twulw ndtcate ;bmj; Nl.)F’ smith ADI- are rtui

practIces its tl:hs pest obticaic s•ys’otn, hat the fj’b,cr levels cart

be reduced by including the pea in the forage. Total N

i and cotssequenttv crude protein) can be increased be the addition

itmmi <i “a It it i thu r Ni I 0’ 1.,

anti he redue;rte the popul,mlioa levels at plantinma.

Calibration Results Using Triticale Spectra as a Calibration Set

To Predict the Rest of the Samples. Tables 4 and 5 show the

estlib ía lion a mialtra indicators fur the N IR a ad 41 id I R datj. The

NimPiR performed aliehtla hetter than NI R mu tlte \D1 . NDF.

and total N constttuems as mndicatcd hr the eahhration R1

ICAI R2). However, calibrations for NDF were poor (hr both

;heNlR and the MtdER. urih validatiors P2 (VALR2) heloav 0.60,

alibratmons for ADF were riot acceptable. with \ ALR2 of tt.”tJ

arid Ii ‘n’s ith the MR and MinIR data, respeenixei Acceptable

calibrations for total N were achieved with the NIR and retidiR

data, with a VAT R2 of 0,86 and 0.88 Tables $ and 5 and

l’igure 4t. ‘Ac used the Reeses and 1.)eha else t/S t program

to select the best cornhnn’ ‘‘,as of pretreatnients and mmumber

of factors liar.’ the PLS model. Tables 4 an.d 5 Dow the best

derivative, gap for derivative, scatter correction pretreatments, as

Steli aa the number of factors (or each calibration.
Results Usim Pea [)ata as a Calibration Set To Predict the ReI

of the Samples. The CAl. R2 values of the MR were better than

those of the MidiR when predicting for NDF’ and total N. but the

‘s DF ealihratmssne were good t’or both ‘spectral ranges with

i,-\LR7 of bo2—ttO4 (Tables .4 and 5). The VALR2 valuea.

hossevc r, were very poor for ADF and NDF regardless of the

spectral range. Calibrations for total N achieved VALR2 values

of 0,82 and 0.84 for MidIR and NIR, respectively. It is possible

that the diftercnce in t.he range ot the pea anatute vsilttes relatmvs to

the rest ol’ the samples eotrtd Isaac limnted the pent’orruance of

these calibrations.
Results Using the Pea/Triticale Mixtures Data as a Calibration

Set To Predict the Rest of the Samples. The CALR2 values show

that the NIR suns better than the MidiR for NDI and .‘\DI’,

while calibrations for total N were very good for both spectral

ranges with CALR2 values of 0,97 and 0.98, even better than

tising all samples as one calibration tsee below). The VALR2

values were poor for ,-\D1’ and NDF”. resulting in relatively

important, differences between actual and predicted values

lFigure 4). T’otat N achieved a VALR2 of 0.87 with the Midl.R

data, which wa.s better than the VA.LR2 of 0.78 achieved with the

PAR data tTables4 and’ 5;

Results Using All Samples as One Calibration, The ealrbrations

developed with the NtR data. resulted in very sintilar CALR2

values (‘han those developed with the MidIR dat.a (Tables 4

and 5;. The PAIR). stOnes ior the ;toescormalmtuenms were

I on a In the rosatPw vxptmois t th PAR m th i tone TI);

which achievc.d a CALR2 of 0.87 (Table 4 and Figure 5), Total N
t... 5 + p ,,, m Sf !tty ,,

I

50

sample act as c’a(ihrsstion set (Figure 5).
Overall Calibration C bservations and Conclusions, The VA.L..R.2

ealues show that total N always achieved a better pt’cdictis’c valor’

han ADE and Nt)F. rcearsileaa 0i’ the aanini’e Set +r ‘p’ieCtt’sii

es.cb.sn the caiihm’nnors ‘[ables 4 miii 5;t. ft

the A.’DF” usually achieves better calibrations than the IN.DF as

indicated he the VALR2. and this is true. for both Ni R and

NIrdIR. In p’cncrstt. he \DF and \Di cannot ae prcdnctcd cell

aith heteromaetteonms calibration x’smltdation sets, with die exceptmoni

ot’ ADI’t predicted be the pea trmtmctmlc mmxture mu the MtdlR,

which achneved a VALR2 of 0.82. Similarly. Munson et al. (dOt

t’und that Nil R od,’n ease biased estimates of the int;’t’ti\e wmlue

s t t LO t or it n It < Nt m it u sm

unacceptable VALR2 when heterogermeous calihrsmticrn sets are.

All data are in g yg”t, The samples were averaged across residue type and
forage type. n = 191 torthe ON treatment and 1921cr the.68 kg he” ;reatmen.t. The

atarttand ercrtTtr’e Oscars r a1er.tras’t’c-5. ie castes mesas a220r1rs’, os

Smeg’ri’s itSt are s,tcwri Pu 0.05.

Table 2, Average NDF, ADF, and Total Percent N’ of the Forage Samples

Planted in Millet or Wheat Residuhe

Alt data are in g kg” P The samples were averaged across tertitizer treatment
and torage type. it = 191 for the wheat treatment and 192 for the millet treatment, The
standard error of the mean is in parentheses. The LSOs ton ftc, means according ba

St,rj r ‘tn N

pea and triticale mixture
pea
tritcate, high population

triticate, tow population

474.5 a 17.81

327.2 b (9.6)
487.0 a)6.7l
486.8 a 18.4)



than NIGh mss a ninety 2n• (Grace a ceies. The NDF oua hi Vbitmeeia diffenen aces hecoiiseof p2nic.itiali&.ammsin the cell ivall.s, ITon Ci aL (G If show that the N DF inWit cOt ,j las n bUi II 0’ a fli.. 110.1. tutu Lflt Hjwflcontents ih the cell waits, because henin in part of the N[)F. Thissicana that cahhrations for NDF man he difficult because ave arein etiset 0. ing to cahbrate nit for one ehemeai cut it) hut (or admerse set si’ chemical entities. Ft is important to note, however.that vibrational speetroseops has been used to deternune eompIe’: chemical parameters in ldraates. We hvpouiceaiac dcii stoodNDF callhnations ‘mere dit’ficul: ehteN in. this taroic-et not onlybacan’seo the eomtstea nature Ut N DF hut aL,o because the NDFquahiv sought have varied between the different Idrane types.While the AI)l and N 1)1’ assays have a similar calaux e errorthe ma lvtieai proee lure. he N Dl” error tennis should he
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Table 4. Quality Indicators 01 Calibrations Deseloped with NearIntrared Spectra for NDF. ADD and Total Nitrogen Content (Total Nd
anralvie DOG MS GAP actors RMSI) VRMSD DALF92 VALF:2ser1C 10155410 ca a callbrati.crl set tn creOle thy rent the samples (192 catbra5on and 191’ reSisted

tIDE 2nd STE 4 2 4134 10.25. 07.7 047

ADO 2nd .5
3 3 285 3.42 PaSS (510

tr.04 N 2nd l.tISC 15 3 0.23 ri32 0.90 0.196
r,:y ‘IOa s9ectrai data as acetioratton set to riS,5.f. the rest ot be £5 naples (96 catbralion. and 287 erodicied semples)

ODE 2nd STE 2 4 2.44 10.95 0.03 0.20

ADO tat STE 3. a
i.og 4.25 0.92 075

blat N lit MSC 16 11 0.15 0.52 0.05 0.84
asiep the oea.trilin mists roe data as a calibration set to predict the ce.st 7 lOs rasapies (95 calibration and 283 predicted earepies

NDE 2nd 8Th 16 3 2.75 7.02 0.87 0.85

ADO 2n0 STE 4 3 2.41 5.05 0,90 0.63

loiS N 2nd STE 8 3 0.14 0.36 l.9’7 0.78all samples as one calibration. t3ed sampieviODE tat MOO 4 3 4.86
‘ N A 13.78 N/A

ADO 2nd 5Th
4 5 2.84 0.5 0.87 N/A

lotS 14 2nd TM 16 ‘4 0.24 N/A 0.91 N/A

DEE. d€seative Ilat, 2n0, ci noneS MSC. .scattercorraetion (579.00 corlnclcn ci siraiaht specs’s, MOO, multiplicative scatlercoirectioni GAP, number ci gap lordenvative;

rAu”ORS amb y0r5 rlisiSL lout mdn aqua 96 ditiererce sa )RMSD nut mean OWned dut1einre Mi the aSidatter w
TaNe 5. Quality Indicators ot Calibrattons Developed with Midlntraea Spectra tot NDF, ADF, and Total Nitrogen Content iTotal N)n
analyte DEFt MOO GAP tctors RMSD (591480 CALR2 VALR2using triticale as a calibration set to predict the i’est ot the sammes 192 calibration and 191 predictedt

NDF let’ MOO 1 2 478 12.11 0.59 0.38

ADF 1st MSC 1 3 2.73 4.00 0.87 0.76

total N 1st MSC 2 4 0.19 0.32 0.94 0.88
using pea spectral data as a calibration set to predict the rest ci the sari les (96 calibration arid 287 predicted sampled

ODE 2nd MOD 1 2 4.29 6.04 0./2 0.53

ADF 2nd MOD 32 7 1.14 6.93 0.94 0.62

totai N 2nd MOO 2 3 0.21 0.36 1389 0.82
4500 the pea’ii lease miailres data es ci ca.iDratncn. .set 10 predict the mat ci tire samples (95 catibralion aird 288 predicted sampled

1400 2nd 526 1 1 3,95 7.20 0.13 0.65

ADO 2n.d MSC 1 2 3.21 3.41 0.83 0.82

total N 2nd SiR 145 11 0.11 0.21. 50.98 0.82all cam Isaac. one seP/satan (353 sampledNDF SteP. 5714
4 ‘1 4,6’S: 0/4 0.50 NrA

AGO I ‘t 55’S 1
3.09 N/A 5’55, ePA

total \1

.2cc’ r,lIs.C.
5 02l( N/A. 594 N”A
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Figure 4. Selected actuat vs predicted values for ADF, NOF, and total N.

The calibrations were developed with pea/triticale mixtures spectra for ADF

and NDF and with triticaic spectra for total N. The validation set samples

aPe °‘ w1’ a a c”” as

oa.a, Inc tiDE C0tbabOfl 035 OcUcle 013

infrared data, and total N calibration was developed edo mid-infrared data.

SOifle\VfltO, better r11 i,err(1’ romutgates Into rb hDF

tne.Iuze 11131 the ADE tiher u more bEeN to he 0 3f

speeies as almost all of the hemiceliulose and any ccii ivaft ‘p’nc•

beau been remoced eunne the aflatvsls.

11131

N ‘‘ e’s serisitwe .cj131 hr neterogenat n the

eallonstion ye and our 0a01 show i(IriIJ (a.tlrlranson 011111 00

smaller set of pea/triticale mtxture. liples is adequat.e for

ihr rti i sod lred’e nu It ii N Ti diP ion w tot I N

the it ‘\IR i iii
,, \f R..

ii Sb ‘[ahle4t, and using the pen’triiieatc inisture md the tiiticale

alone for the calbratton set an the s1idlR yielded VAt Rd values

of 0,87 and 0,88. respectively (Tables 4 and 5), tsintt he MidiR

speeii’a rb 0,t pea t’Itietife mnires reLied the niuhesi ( .ALR1 nt

hr N

genuous sampler for tuttit N with N idiR did shehtiy better itlan

NIR as given by the VALR7, which averaged if83 for the NIR
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Figure 5. Actual vs predicted values fr ADF, NDF. and total N. Alt

samples were used as one calibration (n = 383 samples). The nean

in.frared spectra were used to calibrate for the ADF, while the midbnfrared
StrecT.ra ‘sore used far the NDE ano total N. CALP2 calibration Nh

ann 0.56 tom Inc N Lii N. nase i’v ml. jO to the t01iti’ pen onliunas ot

the MidiR with the pea/triticalc mixtures.
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performance for forage quality. This is. important 6ecause while
N’tR is a more established technology, the MidIR can he used as

a acate tampErs, and we illustrate how whole sample sets are

usuatlv better than heteroce.neons sets for the development of’

0 i im r I r jO lr

NT R F mail’, we contirm what has been shown Pt others, that

elibratons far NI)F tend to he prohiemnahe. possibly because at’

the complex chemical nature of NDF.
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